An automated and robust method for adiabatic population transfer and the preparation of an arbitrary quantum superposition state in atomic system using the oscillating dark states (ODS) is presented. Quantum state of a three-level Λ configuration atomic system oscillates periodically between two ground levels, when two pairs of classical detuning laser fields driving the system into the ODS under evolving adiabatic conditions. The decoherence of the ODS evolution is greatly suppressed, and the oscillation is very stable, therefore adiabatic population transfer and the preparation of an arbitrary quantum superposition state of atomic system can be completed accurately and conveniently.
I. INTRODUCTION
Dark state or coherent population trapping (CPT), which is null eigenvalue state of the interaction Hamiltonian, has given rise to growing interests for past few decades, since its first discovery in 1976 [1] . If a three-level Λ atomic system is coherently trapped in dark states, there is no absorption of incident laser fields even in the presence of resonant transitions, due to destructive quantum interference between two transition pathways. Well-known dark state or CPT [2, 3, 4, 5, 6, 7, 8, 9] involves extensive applications in many fields such as electromagnetically induced transparency (EIT) [10] , lasing without inversion [11, 12, 13] , the enhancement of the refractive index [14, 15] , adiabatic population transfer [16, 17] , subrecoil laser cooling [18] , and atom interferometry [19] . Coherent population transfer using stimulated Raman adiabatic passage(STIRAP) technique [6, 17, 20, 21] , make it robust and efficient to prepare atoms and molecules in a well defined required state in many fields such as spectroscopy, collision dynamics, and atomic physics. The Stokes and pump laser fields in a kind of counterintuitive order under two-photon resonance and adiabatic evolution carry out complete coherent population transfer, and the STIRAP technique is insensitive to variations of laser pulse shape, intensity, and laser frequency. It is also of crucial importance that a required coherent superposition state is prepared for atoms and molecules. Fractional STIRAP technique [22, 23] , where the Stokes laser arrives before the pump laser and both terminate simultaneously maintaining a constant ratio of relative amplitudes, can create an arbitrary required coherent superposition state. The technique is also insensitive to pulse delay, intensity and frequency of laser fields. Another adiabatic transfer [24] using a tripod linkage by three laser fields in a four-level system can also to obtain good result.
Here we propose an automated method for adiabatic population transfer and the preparation of an arbitrary quantum superposition state in a three-level Λ configuration atomic sys- * Electronic address: jhe@mail.ustc.edu.cn † Electronic address: yshzhang@ustc.edu.cn tem, using the oscillating dark states (ODS), where probability amplitudes of the system state oscillate periodically between two ground levels. The state to be prepared can be retrieved at a predictable time, and this method is insensitive to the initial state.
The paper is organized as follows. The next section contains the discussion of the oscillating dark states (ODS) and evolving adiabatic conditions, under which the system follows the stable ODS evolution. In Sec. III, we introduce the master equation for a practical incoherent atomic system, and simulate the ODS evolution, which then be used for adiabatic population transfer and the preparation of an arbitrary quantum superposition state. We give some discussion and summarize our conclusions in Sec. IV.
II. OSCILLATING DARK STATES
The three-level Λ configuration atomic system is shown in Fig. 1 . The ODS is implemented with two pairs of classical detuning laser fields coupling two lower ground levels |1 , |2 to a single upper level |3 , respectively. We assume that the |1 -|2 transition is always dipole-forbidden. The timedependent interaction Hamiltonian in the interaction picture that describes the atom-laser coupling within the dipole and rotating wave approximation (RWA) in the rotating frame reads ( =1),
where P=−ie −iφ 12 Ω 12 sin( in terms of the "mixing angles"θ and ϕ , are given as
where the mixing angles that dependent upon time t and Rabi frequencies are written as tan θ = Ω 12 sin(
when we meet the condition ∆ ′ = 0, i.e. (∆ 1 + ∆ 2 )=(∆ 3 + ∆ 4 ). The eigenstate |a 0 has no contribution from |3 , and this ODS corresponds the null eigenvalue of interaction Hamiltonian (1) . If a system is in state |a 0 , there is no possibility of excitation to |3 and subsequent spontaneous emission, thus the atom is effectively decoupled from laser fields. The eigenvalues of the pair of states |a ± which contain a component of all three bare atomic states, are shifted up and down by an amount λ ± ,
The probability amplitudes of the system state can oscillate periodically between two ground levels |1 and |2 upon time t, when the system is driven into the ODS by laser fields with relatively fixed detunings and phases of four laser fields. Evolving adiabatic conditions, under which the system avoids diabatic coupling to bright states and is always in some dark states if it is initially in a certain one, is considered, since the ODS follows the evolution of a time-dependent Hamiltonian (1). The change rate of the mixing angle θ must be small compared with the separation of the corresponding eigenvalues [21, 25] ,
Let Ω 12 =Ω 34 =Ω (fixing Rabi frequencies when the system evolves) and ∆ 1 -∆ 2 =∆ 3 -∆ 4 =2δ, thus we can obtain evolving adiabatic conditions according to (8) as
which changes into |δ| ≪Ω, when ∆ = 0, i.e. ∆ 1 =-∆ 2 and ∆ 3 =-∆ 4 . Evolving adiabatic conditions for the ODS ensure that the values of all parameters can be established in advance, because the evolution process is automated by laser-atom system itself, in contrast to ordinary dark states [5, 17] , where we manually with experimental instruments change relative values of two Rabi frequencies to attain different dark states and to utilize STIRAP technique.
III. ADIABATIC POPULATION TRANSFER AND QUANTUM STATE PREPARATION
A process for adiabatic population transfer and quantum state preparation is as follows: first, the initial instantaneous eigenstate of the whole system, which is determined by chosen interaction Hamiltonian, must be the atomic initial state, and here we assume that the atomic initial state is |1 . Then we concurrently and rapidly upload two pairs of laser fields as shown in Fig. 1 , and the system periodically evolves subsequently. Rapid unloading all laser fields simultaneously completes a perfect population transfer from |1 to |2 after ( 1 4 + n 2 ) (n=0, 1, 2, ..., integral number) oscillation periods(T =2π/δ) if we want to make an adiabatic population transfer, and retrieves a required quantum superposition state after time of (t 0 +nT )(t 0 is evolution time when the system firstly evolves from |1 to our required state, which can be easily predicted from (3) where a fixed ∆φ should be calculated in advance) if we use the same experimental setup for the preparation of an arbitrary quantum superposition state.
When we upload/unload two pairs of laser fields, uploading/unloading adiabatic conditions are necessary besides evolving adiabatic conditions (9) , in order to keep the least diabatic coupling between bright states and dark states of the system. We assume a concurrent increase/decrease of four laser fields in a short time τ(τ≪T ), i.e. Ω 1 =Ω 2 =Ω 3 =Ω 4 =Ω and
Thus, we can obtain the same result as evolving adiabatic conditions in (9) for uploading/unloading adiabatic conditions, according to (8) .
Time-dependent interaction Hamiltonian in interaction picture that describes atom-laser coupling can be written as
[ . Ω = 0.08, respectively. Randomly chosen ∆φ (adopted for different required superposition state, but having no effect on coherent population transfer process) gives the same periodical oscillation. All parameters are in the units of γ 31 , and total evolution time t=4T is marked.
where σ i j =|i j| (i, j=1, 2, 3) are atomic projection operators. A master equation [9, 26] , using density matrix ρ, 
is required, because the decoherence of a practical atomic system must be considered. Γ 31 and Γ 32 represent rates of spontaneous emission from level |3 to |1 and |2 , respectively, and rates γ 2deph and γ 3deph describe energy-conserving dephasing processes. Γ 21 is longitudinal relaxation from level |2 to |1 , and it is much small compared with γ 2deph . We can define coherence decay rates as γ 31 =Γ 31 +Γ 32 +γ 3deph , γ 21 =Γ 21 +γ 2deph , and estimate Γ 21 at 1/10 of γ 2deph in the following analysis. The evolution of the ODS is simulated numerically as shown in Fig. 2 , when the initial system is in |1 and a fixed ∆φ should be calculated in advance (for a required arbitrary final state), and probability amplitudes evolution of the ODS with different Rabi frequencies Ω is analyzed. The populations of two ground lower levels, ρ 11 and ρ 22 , oscillate periodically after we applying interaction Hamiltonian (10) , and the population of upper level ρ 33 stays almost zero in total evolution stage, when evolving adiabatic conditions (9) are well satisfied for the case in Fig. 2(a) . The same periodical oscillation of the coherence term |ρ 21 | 2 between two ground levels as ρ 11 and ρ 22 , and |ρ 21 | 2 ≈ρ 11 ·ρ 22 , imply a coherent evolution of quantum superposition states, i.e. the ODS. In case (b), Rabi frequency Ω is decreased, and evolving adiabatic conditions are not well met, which results in a slight occupation of population ρ 33 , but the oscillations of population ρ 11 , ρ 22 and of coherence term |ρ 21 | 2 still dominate the whole evolution process. When we decrease Ω further, laser fields are too weak to make upper level |3 occupied despite the violation of evolving adiabatic conditions, and the coherence term of density matrix |ρ 21 | 2 keeps 0 all the time in case (c), which implies there is no coherent evolution of the system state.
From case (c) to (a), the value of Rabi frequencies Ω of laser fields increased little by little, it can be seen that coherent reconstruction mechanism of laser fields becomes superior gradually to the decoherence effect of the system in case (c) and (b), and entirely dominates periodical oscillation of the system in case (a). A complete population transfer between two lower ground levels |1 and |2 , and the preparation of an arbitrary quantum superposition state in an automatical manner, using a coherent evolution process of the ODS in case (a), is reliable. Here upper level |3 population is much little and the oscillation of probability amplitudes of two ground levels |1 and |2 is periodical, since the decoherence between two ground levels |1 and |2 can be greatly suppressed, owing to coherent reconstruction contribution from laser fields. It can be seen that there are many optional retrieval time, with retrieval interval T/2 for an adiabatic population transfer process and with interval T for the preparation of an arbitrary quantum superposition state.
With the contribution from applied laser fields, the state of the system evolves periodically and stably despite decay factor γ 21 · t expressed in coherence term of the system density matrix |ρ 21 | 2 . When two pairs of laser fields are applied, we can also consider the long time behavior of state evolution of the system and analyze the fidelity of initial state |1 and retrieved states of the system after different evolution time t in Fig. 3 , where only integral period evolution (t=nT ) is observed. γ 21 is fixed at 0.022 in the units of γ 31 (reference to D 1 line of 87 Rubidium with γ 31 ∼36.10 × 10 6 s −1 and estimated γ 2deph =0.02γ 31 ), and different total evolution times t is given. It can be seen that, when total evolution time t is up to long enough 1000T , where γ 21 · t>2000, high fidelity above 0.95 is surprisingly available, which implies almost a coherence preserved and pure periodical evolution of the system. Fidelity F decreases slightly in the first one T , during which a certain complicated amplitude decay of the ODS experiences, and stays unchangeably after it, which also can be found in the very beginning of evolution process in Fig. 2 . High fidelity F mainly depends on relatively large value of Ω and always can be obtained by controlling laser fields.
IV. DISCUSSION AND CONCLUSION
The stability of frequency difference 2δ, π phase difference, and ∆φ of each pair of laser fields determine mainly the preci- sion of the ODS evolution. The population transfer efficiency and an ideal required superposition state mainly depend on the exact retrieval time that can be easily calculated according to (3) . Two pairs of laser fields should be uploaded/unloaded spontaneously instead of counterintuitive and delayed uploading of one pair Stokes and pump laser fields. A concurrent uploading/unloading time τ∼10 −8 s (a reasonable 0.01T in our analysis which is short enough to avoid a certain decay of ρ at this stage) can be carried out using an optical switch, provided all the parameters are chose as ours, which can be tuned to change the oscillation period T . Laser fields may not be monochromatic, but the stability of relative phases of two pairs of laser fields, which can be easily achieved by acoustooptical modulation(AOM) device, can also guarantee almost the same result, despite a slow collective phase drift. A chosen δ whose value is larger than the linewidth of laser fields can avoid undesirable interference of laser fields and optical pumping. The ODS method is immune to Doppler frequency shift, pulse shape of laser fields, and concurrent fluctuation of Rabi frequencies Ω i (i=1, 2; 3, 4). Well developed laser techniques can meet all above requirements to obtain a perfect adiabatic population transfer and the preparation of an arbitrary quantum superposition state in atomic system. The greatly suppressed decoherence of the system according to our numerical calculation suggests the stability of the ODS evolution. Numerous optional retrieval time owing to the property of the ODS evolution is available, with retrieval interval T/2 for an adiabatic population transfer process and with interval T for the preparation of an arbitrary quantum superposition state, respectively. The transfer process is insensitive to the initial state of the atomic system [27] , i.e., we can carry out complete coherent population transfer and obtain a required state at right retrieval time based on precise ODS evolution of atom-laser system, whatever the initial state of atomic system is, which is totally different from the STIRAP and fractional STIRAP technique. Different initial states of the system besides |1 here, to which the corresponding initial Hamiltonian of the system can be chosen to match the initial instantaneous eigenstate, give almost the same good result. Optical pumping is not necessary any longer in contrast to conventional STI-RAP technique, since it is not essential that initial state of the system must be any single lower state |1 or |2 when the automated ODS method is adopted. The ODS can be implemented in a three-level atomic system by using at least three laser fields in an appropriate configuration, but we use two pairs of laser fields in a symmetric scheme, in order to obtain complete oscillation of probability amplitudes between two ground levels. The ODS is similar to the famous Rabi resonance in a two-level atomic system driven by one resonant laser field [5] , where we can not find the same preserved coherence.
In conclusion, we propose an automated method using the ODS for a perfect adiabatic population transfer and the preparation of an arbitrary quantum superposition state in atomic system. The preserved coherence, the automated manner, numerous optional retrieval time, an arbitrary initial state of system, make the ODS a potential method for physics process in atomic physics.
